A sensitive search for potential atomic neutrals in Io's extended atmosphere and torus was made using the 2.1m telescope at McDonald Observatory. Although no new atomic species were detected, our observation put stricter upper limits on many neutral species, thereby providing important insights into understanding Io's surface composition, its volcanic processes, and its atmosphere. The upper limits from our observations are factors of 20 to 50 lower than the upper limits established in 1975 (Trafton, 1976). These tighter upper limits for the abundance of metal species strongly constrain the oft-proposed sputtering of cosmic-abundance silicates as one of the dominant atmospheric source mechanisms, by implying the depletion of metal species relative to sodium on the surface of Io.
Introduction
Io is one of the most fascinating and enigmatic bodies in the Solar System. The complex coupling between Io's atmosphere, its surface, and the Jovian magnetosphere is far from understood. Only four elemental species (S, O, Na, K), and three molecules (SO 2 , SO, H 2 S) have been identi ed on Io's surface or in its atmosphere (Johnson and Matson, 1989; Nash and Howell, 1988; Lellouch et al. 1995) . From a cosmogonic standpoint, species like Mg, Si and Al are signi cantly more abundant than Na. Further, Mg, Si, and Al are each expected to be common constituents in Io's interior and on its non-volatile surface (Nash and Howell, 1988) . As such, any source mechanism (e.g., sputtering, meteoritic impact, volcanism) which transports surface or interior species into the atmosphere should also populate Io's atmosphere with Mg, Si, and Al atoms. Therefore, the presence of one or more of these metal species in the atmosphere is likely.
The detection of any of these species could shed light on whether sputtering is an important source mechanism for Io's atmosphere, and thereby could address a central question in our understanding of Io: What is the source of Io's atmosphere? Is the atmosphere primarily generated by volcanic e ux, by sublimation of SO 2 frost, or by surface sputtering? McGrath and Johnson (1987) examined this long-standing problem and demonstrated that sputtering from volatile regions on Io's surface should create a substantial atmosphere if plasma ions can reach the surface. Then Si and other atoms would be detected in approximate proportion to their abundance in Io's surface, modi ed by their relative lifetimes and sputtering yields (Johnson and Baragiola, 1991) . If, however, sublimation is the source, then, owing to their higher sublimation temperatures, atmospheric Si and Al would not be expected to be present. Therefore, if Io's atmosphere is su ciently thin, its composition should directly mirror the surface and volcanic ejecta composition, modi ed only by lifetime and scale height e ects for each species. If, however, the atmosphere is thick enough that the surface ux of charged particles is low, then atmospheric Mg, Al, Si and the other species would be strongly depleted.
The detection of these species would add valuable data for diagnostics of Io's atmosphere and torus, and would provide direct evidence whether sputtering is an important atmospheric source. Additionally, the presence of Si or Al would have implications for both the chemistry of Io's volcanism, and through Al-and/or Si-bearing oxides, the sources of the well-known O atoms (besides SO 2 and SO) in the Io torus, whose origin is not de nitively determined.
In 1975, a search for emission features from these metal species at Io was carried out using a single-array Digicon detector (Trafton, 1976) . There was no clear detection of any emission features besides that of Na and possibly K; only upper limits on the column density of the metal species were derived from the observation. The abundance ratio of metal species to sodium in the extended atmosphere of Io was found to be much lower than the ratio expected from solar, lunar or meteoritic composition. We report here the result of a subsequent, far more sensitive search for emission features in the extended atmosphere of Io using a CCD detector.
Observations
Our observations of Io's extended atmosphere were conducted using the 2.1m telescope at McDonald Observatory during ve nights in 1992: April 24-27 and May 10. The observations were made using the ES2 spectrometer at Cassegrain focus, the CRAF1 (1024 x 1024) CCD detector, a grating which provided spectral resolution of about 2 A, and slits with adopted widths of 1.1 00 and 12.1 00 . Table 1 lists the spectral images obtained that were used in the present analysis.
Data reduction was performed using standard IRAF routines. All the images were trimmed to select the part of the CCD chip that was exposed. Then the images were corrected for bias and at eld, and the slit function (spatial dimension) was removed using sky at images. For the wavelength calibration, a reference spectrum was obtained with an argon resonance lamp. After correcting the images for these instrumental e ects, the absolute calibration was applied by dividing the images by the sensitivity function.
The sensitivity function was obtained by using IRAF to compare the spectrum of the solar analog 16 Cyg B which we observed during this run, with the absolute ux of 16 Cyg B listed in table 2 of Hardorp (1980) .
Data Reduction and Analysis
Neutral atomic emissions from gaseous species are expected to be greatest in Io's immediate vicinity. However, such emissions cannot be detected close to Io's bright continuum spectrum because their intensities are 10 ?2 to 10 ?3 times weaker than Io's surface-backscattered light.
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Observations have shown that Io's neutral atmospheric density falls o with nearspherical symmetry out to 15 00 (Schneider et al., 1991) . Progressively beyond this distance, neutrals traveling outward from Io are ionized by the warm plasma. Those atoms falling inwards toward Jupiter are not so rapidly ionized, and sweep ahead of Io as they conserve angular momentum (e.g., Smyth and McElroy, 1978) . For the detection of neutral species, locations 6-15 00 from Io yield a good tradeo between the 1/r emission intensity from the column of neutrals along the line of sight and Io's more localized scattered light intensity. We concentrated our search for emission features at the near-optimal distance of about 6 00 from Io.
Three spectra were extracted from each image listed in Table 1 . A central spectrum was obtained by adding the 10 rows in the image centered on Io; and adjacent spectra were obtained by adding the 10 adjacent rows on either side. The point spread function of Io is less than about 5 pixels wide, and we found that spectra extracted 10 pixels away from the center contain less than 1% of Io's light. Since 10 pixels corresponds to 6 00 , the two spectra extracted from each side of Io sample the region of Io's extended atmosphere where emission features are most likely to be detected.
We found no obvious emission features at the wavelengths of the candidate atoms listed in Table 2 . To increase the SNR, we then averaged the three spectral images of Io that were obtained on 10 May 1992 with the 12.1 00 slit (io152, io153, io154). Figure   1 shows the three spectra extracted from the averaged image. Even with this averaging, there are no obvious emission features except for one near 3900 A, which is due to a defect in the CCD chip that was not completely removed by data reduction process. Thus, we can only set upper limits on the integrated intensity of the anticipated species listed in Table   5 2. We do this by measuring the local maximum of the intensity averaged over a spectral resolution element at the wavelengths of each resonance line. Multiplying the result by the width of the resolution element then approximates an upper limit for the integrated emission intensity.
The upper limits on the intensity of the emission lines were estimated from the averaged image, and are listed in Table 2 Following Trafton (1976), we assume the optically thin limit in calculating the upper limits to the column abundances in Io's extended atmosphere. We also assume that the column abundance N i for an element in state i is related to the integrated intensity in Rayleighs 4 I and the g-factor, g i = ( 2 e 2 =mc)f i F by N i = 4 I/g i . Here, f i is the absorption oscillator strength for level i and F is the solar ux at Io. The Io Doppler shift and the high-resolution Kitt Peak solar atlas were used to determine the the residual intensity`r' of the solar line at the Io-Sun Doppler shift for each species.
Table 2 also lists the upper limits on the column abundances of metal species in
Io's extended atmosphere obtained from our observations. As is clear from the table, the column abundances of Al, Si, and Ca are extremely low compared to the column abundance of Na when compared to similar ratios for solar, lunar, or meteoritic abundances. 6 Discussion Our nding that the upper limits on the abundance of metals derived from our observations are more than an order of magnitude lower than the previous upper limits set by Trafton (1976) can be interpreted two ways. One is that Al, Si and other metal species are highly depleted on Io's surface relative to Na; the other is that these metal species are present in cosmogonic abundances but the surface sputtering models have failed a critical test.
We believe it is unlikely that the source mechanisms for an extended atmosphere on Io do not include sputtering by energetic ions or particles. Recent results from HST observations by Clarke et al. (1994) , Ballester et al. (1994), and Trafton et al. (1996) indicate that the atmosphere of Io has two components: a thick SO 2 atmosphere over hot spots, and a much thinner atmosphere over much of Io's surface. Thus, Io's atmosphere is not uniform around the satellite but is patchy, being concentrated around active volcanos and over di erent regions of illuminated ices. The ice coverage is also patchy, and therefore, there are non-volatile (or low-volatile) regions of the surface directly exposed to the bombarding magnetospheric plasma.
As can be seen in Table 2 , the depletion of metal species on Io's atmosphere appears to be rather extreme when compared to cosmic/solar/meteoritic abundances. The depletion ratio ranges from a low of 10 to a high of 50. Why the metals are still very much under represented compared to Na, even if the branching ratios are large, is not clear. It is plausible that the very young surface is being recoated constantly either by volcanic deposition of SO 2 or lesser volatiles, or by geologic processes such as magmatic intrusions 7 which leak to the surface. While silicates may be involved in the resurfacing of Io, less refractory materials, such as sulfur compounds, are more likely to ow or deposit on the surface, which may explain the lack of metals on the non-SO 2 surface. In addition, the presence of metals as a group in addition to sodium and potassium may still result from hot volcanic emissions which include less-volatile materials. However, the melting points of Na (371K) and K (336K) are lower than those of other metals (Al, 933K; Mg, 922K; Si, 1683K), so Na and K may be the only metal atoms that get vented with the SO 2 gas from volcanos.
While most of the lines in Table 2 arise from emission during transition to the ground state, other paths to the ground state may be possible through branching to intermediate
states. An accurate speci cation of the abundances therefore requires knowledge of such branching ratios. If branching to intermediate states is important, the actual abundances of the metals could be higher than our upper limits. However, since the metals are so much more under represented than Na, the neglect of branching is expected to have little e ect on our conclusions. A more detailed discussion of such branching and its possible implications can be found in Trafton (1976) . The column abundance and the intensity of Na are adopted from Trafton (1976) r: The residual intensity in the pro le of the Fraunhofer line Doppler shifted from the core by the Io-Sun motion.
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Figure Captions East spectrum has been multiplied by a factor of 2 to separate it from the West spectrum. Figure 2 . The ratios of sky spectra to Io's spectrum. The ratio spectrum of 6 00 East of Io has been o set by 0.03 to make the plot easier to see. The spike that resemble emission features near 3900 A in the ratio spectrum of 6 00 East of Io is due to defects in the CCD.
